The two-dimensional polymer structure and lattice dynamics of the superionic conductor Li 4 C 60 are investigated by neutron diffraction and spectroscopy. The peculiar bonding architecture of this compound is definitely confirmed through the precise localisation of the carbon atoms involved in the intermolecular bonds. The spectral features of this phase are revealed through ab-initio lattice dynamics calculations and inelastic neutron scattering experiments. The neutron observables are found to be in very good agreement with the simulations which predict a partial charge transfer from the Li atoms to the C 60 cage. The absence of a well defined band associated to one category of the Li atoms in the experimental spectrum suggests that this species is not ordered even at the lowest temperatures. The calculations predict an unstable Li sublattice at a temperature of ∼ 200 K, that we relate to the large ionic diffusivity of this system. This specificity is discussed in terms of coupling between the low frequency optic modes of the Li ions to the soft structure of the polymer.
I. INTRODUCTION
Solid fullerene polymerization is a well-established and deeply investigated phenomenon by now 1 . C 60 can polymerize undergoing high temperature and high pressure treatments, after ion irradiation or by exposure to light 2 . In all these cases, fullerene units invariably connect together by four-membered carbon rings, via [2+2] cyclo-addition reactions 3 .
The intercalation of light electron donors (i.e. alkali atoms Li or Na) in the voids of the host fullerene lattice can sometimes induce the formation of polymerized structures. In this case, the charge transfer from the metal to the highly electronegative C 60 provides the necessary chemical pressure to put adjacent buckyballs close enough to establish intermolecular bonds. A large variety of 1D 4,5 and 2D 6 fulleride polymer structures was found when intercalated with small-alkali atoms. In addition to the aforementioned cycloaddition mechanism, fullerenes can connect also through single C-C bonds. In the latter category, lithium intercalated fullerides Li x C 60 (x ≤ 6), are remarkable because their structure consists of 2D polymeric fullerenes interconnected by a sequence of single C-C bonds and four-membered carbon rings, propagating along two orthogonal directions on the polymer plane 7 . Li 4 C 60 belongs to this class of compounds, together with the isostructural alkali-earth intercalated Mg 2 C 60 polymer, suggesting that the on-ball charge transfer is the key factor driving the polymerization arrangement in these systems 8 . The coexistence of the two bonding schemes was also observed in the fullerenium salt C 60 (AsF 6 ) 2 . In this solid, the fullerene units are oxidized to the state C 2+ 60 , a rather unstable condition, which results in an unusual 1D zigzag polymerization 9 .
In addition to its original structure, Li 4 C 60 shows a very large ionic conductivity already at low temperature, which stands as an exceptional properties for a solid material. The ionic conductivity reaches the value of σ ∼ 10 −2 S/cm at room temperature, which is comparable to that observed in liquid electrolytes, indicating that this material could possibly find applications in the field of energy storage as an solid alternative material to be used fuel cells in devices 10 . This physical property originates from the presence of intrinsic unoccupied sites interconnected by 3D pathways in the crystalline structure, allowing the diffusion of the Li + ions. The large amplitude movements of the C 60 cages e.g. their rotations or radial deformations, can provide the necessary impulsion to the Li + ions to jump from one site to another. Such dynamical disorder is intrinsically involved into the atomic mecha-nisms leading to oxygen diffusion in certain oxides, like the onset of Mo0 x free rotations in Bi 26 Mo 10 O 69 11 . In general the superionic character of a material follows an order-disorder transition which unlocks some of these large amplitude movements. In Li 4 C 60 , no such transition is observed and the superionic nature of the material appears progressively in an apparently very ordered fullerene host structure.
It is possible to break the intermolecular bonds and to recover the monomer phase through a moderate thermal annealing. This phase shows an unexpected metallic behaviour 12 . This result appears in contrast with the common accepted theories which indicate the A 4 C 60 compounds (A = alkali metal) as Mott-Jahn Teller insulators 13, 14 .
In the present work we report on the use of neutron scattering to study Li 4 C 60 : in a first part, the structure is investigated by neutron powder diffraction performed at low temperature, i.e. in a regime where the Li diffusion is hindered. Rietveld refinements are used to precisely localise the carbon atoms of the distorted fullerene cage -especially those involved in the intermolecular bonds-and to reveal the Li positions in the host lattice. In a second part, these structural informations are used to calculate the lattice dynamics of the polymeric system in the harmonic approximation. The phonon dispersion curves, the vibrational density of states and the thermodynamics properties of this molecular system are discussed. The validity of the model is illustrated by the excellent comparison between the neutron scattering observables calculated from simulations and observed in our inelastic neutron scattering investigations (INS).
In the last part, we present briefly the INS results obtained on this system in the monomeric phase at high temperature. The experimental data are interpreted based on DFT Molecular Dynamics simulations (MD-DFT).
II. EXPERIMENTAL METHODS
Li 4 C 60 samples were prepared by thermal decomposition of 99% isotopically pure 7 Li azide. Details in the procedure are described elsewhere 7 . Isotopical enrichment was required to avoid neutron absorption problems arising from the natural fraction of 6 Li. Samples 3 handling was always performed in controlled atmosphere (high vacuum or Ar glove box with oxygen and moisture values below 1 ppm).
The neutron powder diffraction measurements were performed at the Institut Laue Langevin (ILL), Grenoble using the Super D2B two-axis diffractometer, operating in DebyeScherrer geometry and in high resolution mode (neutron wavelength λ = 1.59432Å). A 1.5 gr sample was sealed into a cylindrical vanadium can with indium o-ring. Measurements were performed using a Closed Cycle Refrigerator allowing data to be collected at 3.5 K,
with an accumulation time of 10 hours.
Inelastic neutron scattering experiments were performed at the ILL, on the thermal time of flight spectrometer IN4C, and on the Filter Analyser Spectrometer IN1BeF. Additional measurements were performed at the Laboratoire Léon Brillouin (CEA Saclay) on the cold TOF spectrometer Mibemol, to follow the evolution of the dynamics during the depolymerisation process at high temperature. On IN4C, several incident wavelengths were used (1.1, 1.4, 1.5 and 2.4Å), allowing the dynamics to be measured either in Stokes or in anti-Stokes:
using short wavelengths, the dynamics can be measured at low temperatures in an extended energy range, while using a relatively large wavelength, the dynamics can be measured in an extended energy range in anti-Stokes, albeit at temperatures relatively high. On IN1BeF, the measurements were conducted at low T (10 K). In both experiments, the 1.5 g sample was sealed inside an Al flat container with an Indium ring. On Mibemol the 1.5 gr sample was sealed inside a cylindrical niobium can and heated up to 800 K during 12 hours using a high temperature furnace. The incident neutron wavelength was set to 5Å to have the maximum neutron flux at the sample position. The spectra were recorded as a function of time in order to follow the de-polymerisation process.
III. SIMULATIONS
Geometry relaxations, total energy calculations and molecular dynamics simulations were performed using the projector-augmented wave (PAW) formalism 15, 16 of the Kohn-Sham density functional theory 17, 18 , within the generalized gradient approximation (GGA), implemented in the Vienna ab initio simulation package (VASP) 19, 20 . The GGA was formulated by the Perdew-Burke-Ernzerhof (PBE) density functional 21, 22 . For the total energy calculations, the electronic functions were calculated at gamma point (k=0) and energy cut-offs of 4 400 eV and 499 eV were used for C and Li atoms respectively. For the geometry relaxations, the energy cut-off were increased by 30% and a 2x2x1 25, 26 . The phonon spectra obtained using the fully and partially relaxed structures differ only slightly, so that only the results reported in this paper concern the fully relaxed structure, which details are given in section III.
The charge distribution was calculated from the VASP relaxed geometries using the Bader scheme analysis 27 . To this aim we have used the code bader developed by Henkelmann's group 28 which allowed us deriving the partial charges on each atoms.
The results of the lattice dynamics calculations will be discussed based on the usual properties: phonon dispersion curves, total and partial phonon density of states. In particular, a weighted phonon dispersion curve image is also discussed: for each phonon |j q characterised by energyhω j ( q) and momentumh q, an intensity is calculated by:
with e j ( q | µ) being the polarisation vector of the phonon |j q for atom µ in the unit cell. This allows spotting the atoms which are involved in each mode, and we will call this quantity I {µ} (j, q) the participation factor of the ensemble of atoms {µ} to the phonon mode |j q in the rest of this paper.
Several thermodynamics functions (Heat capacity, Entropy, Free energy, mean square atomic displacement) obtained in the framework of the harmonics approximations 29 are also presented and discussed. These quantities are extracted from the calculations using the Phonon Software 25 .
The neutron observable S(Q, ω) and G(ω) are calculated for a powder according to the PALD method 24, 30 The PALD approach is based on a set of modes |j q for which the coherent dynamical structure factor in the "one-phonon" approximation 31,32 S coh ( Q, ω) is computed for a large number of Q = q + G hkl , with random orientation on a dense equidistant Q grid. G hkl represents the vectors of the reciprocal lattice of the crystal. In phonon creation (Stokes):
with the one phonon form factor:
and the bose thermal population factor n(ω, T ) = (exp(hω/k β T ) − 1) If the incoherent scattering length of carbon is negligible, that of lithium possesses a non negligible value, and one has to account for this scattering in the calculations. The Li total scattering cross section is therefore expressed as S(Q, ω) = S coh (Q, ω) + S inc (Q, ω) with the powdered averaged one phonon incoherent cross section approximated to:
with g d (ω) being the partial phonon density of state of atom d:
The calculated S(Q, ω) spectra were subsequently adapted to the experimental conditions (temperature, instrument dependent scattering (Q, ω) range, resolution function) to allow for a direct comparison with the data. In particular, the INS-weighted spectra were convoluted with a Gaussian whose energy-dependent width follows the resolution of the instruments used in this study. The calculated and experimental S(Q, ω) spectra were therefore treated the same way. In particular, the grouping and treatment performed in 6 order to derive the generalised density of states (GDOS) is identical for both sets of data.
The structure of the high temperature monomeric phase of Li 4 C 60 was taken from 12 . As this structure is orientationally disordered, lattice dynamics simulations cannot be performed as described above, and had to be performed differently from the polymeric (ordered) phase.
We used DFT Molecular simulations to grasp the global picture of the dynamics. The molecular dynamics simulations were performed at 800 K using a Nose-Hoover thermostat
33
as implemented in the vasp simulation package. The MD increment time was set to 1 fs and a total simulation time of 3 ps was probed. The neutron weighted density of states were derived from the trajectories according to the Fast Fourier Transform of the atomic velocity auto-correlation function. These operations were performed using the nMoldyn package 34 . The simulation box used is restricted to the I 4/mmm unit cell, i.e. containing only 2 molecular units. As periodic boundary conditions were applied, artificial correlations between the rotating C 60 units can be introduced. However these increased correlations mostly affect the quasielastic scattering region of the neutron spectra, which we do not discuss in the present paper. • with respect to their arrangement in KC 60 . As expected, the diffraction profile was not well described during the Rietveld refinement (R wp = 7.68%) at this step. However, a dramatic improvement was reached when the position of the carbons C(15), which is involved in the single C-C bonds, and of its first neighbours (C(5) and C (16)) were refined. Although the refinement process was always rather stable, thanks to the high number of observables available (1401), soft constraints were applied to carbon positions of the whole asymmetric unit and the convergence was reached by slowly decreasing the F-factor (penalty factor) at each cycle.
Further enhancement of the quality of the fit (to R wp = 5%) was gained with the refinement of the carbon C(1) forming the four-membered carbon ring and its neighbours (C(2) and C (3)). Finally, the fractional coordinates of all the remaining ten C atoms of the asym- Solid State NMR and DC and AC conductivity 37 clearly indicates that the Li ions are pinned at special positions in the lattice at the temperature at which the diffraction data were collected. This means that no ionic diffusion is expected at 3.5 K. The structural analysis performed at room temperature using the synchrotron data distinguished two types of symmetry inequivalent Li ions, located respectively inside the pseudo-tetrahedral (Li T ) and pseudo-octahedral (Li O ) voids of the parent cubic lattice 36 . In the present low temperature neutron investigation, the study of the small alkali ion position was tempted by means of Fourier maps analysis, i.e. exploiting the large contrast arising from the negative neutron scattering length of 7 Li. We found that a significant fraction of intercalated alkali ions occupy the position (0.44(1) 0 0.76(1)), which corresponds to the small pseudo-tetrahedral voids, in agreement with the previous analysis. The insertion of Li T atoms with full occupancy improved significantly the quality of the fit (R wp = 3.99%). In the final configuration, the closest Li-Li distance found is of 2.9(1)Å, similar to the atomic distance found in Li metal (3.04Å), while the Li + -C 60 contacts reveal a short distance of the order of ∼ 2.4Å, which is equal to the sum of the ionic radius of Li + (0.7Å) and the Van der Waals radius of C (1.7Å). The result of the Rietveld refinement performed on the neutron data is displayed in Fig. 1 .
B. Lattice Dynamics Calculations

Geometry optimization and electronic properties
The geometry relaxation was performed in two steps: the first one consisted in optimizing the atomic positions while keeping the lattice parameters at the values obtained by neutron diffraction. The initial experimental structure described above was therefore used as initial guess. The optimized geometry obtained this way was further relaxed letting all lattice parameters varied. The optimized structure was then considered for phonon calculations.
We have checked that both relaxed geometries gave comparable results in term of phonon dispersion curves and phonon density of states. We however observed that the full relaxation allowed one to have a slightly better result with no negative phonon frequency in any part of the Brillouin zone, and a slightly better agreement with the neutron derived phonon DOS.
The resulting structure has lattice parameters a = 9.38Å, b = 9.12Å, c = 15.59Å, with angles α = γ = 90
• and monoclinic angle β = 91.18
• . This gives a ∆V /V = 5% expansion of the lattice with regards to the experimental structure. Relaxed interatomic distances are, investigations, the Li atoms are substantially displaced with regards to the centers of the parent tetrahedral and octahedral voids in cubic C 60 . They form atomic planes of atoms in the space between two successive polymer sheets (see Fig. 2 ).
Raman and IR modes
The crystal symmetry point group of the system is C 2h , which comprises the inversion of the planar square-like bridge. Our calculation predicts a Ag Raman active mode at a frequency of 1441 cm −1 . This pure cage deformation mode is represented in Fig. 3(b) . A mode in the Raman spectra of the polymeric fullerides is observed in this frequency range.
The latter feature is often used as an experimental probe of the polymerisation scheme (i.e. giving the number and type of covalent intermolecular bonds) and/or charge transfer between the alkali ion and the fullerene molecule 39 . This mode is derived from the Ag(2)
"pinch mode" of the pristine C 60 , the latter being observed at 1469 cm −1 . Its frequency is observed to downshift according to both the intermolecular bonding scheme and the excess charge of the cage, according to the empirical rule: -6/7 cm −1 per excess electron, -2.5 cm The color scheme represents the value of the participation factor of the atom in the modes: the darker the color, the larger the participation (normalized to unity, i.e. a value of one represents maximum participation factor).
is perfectly reproduced. The dispersion curve pattern is typical of an anisotropic molecular crystal, its molecular nature being revealed by flat "molecular" modes in the high frequency range (E ≥∼ 30 meV) separated from "lattice" modes by a small 2 meV gap between 28 and 30 meV. The strong anisotropy between the in plane covalent bonds and the out-of-plane van der Waals interactions is observed by the rather flat dependence of the molecular modes along the e.g.
Γ-Z line, while a substantially larger dispersion is calculated for e.g. the modes in the [110,
120 meV] range along the Γ-X 1 direction. These high frequency molecular modes essentially involve carbon motions, keeping the Li ions at rest, as seen from the lack of intensity in this energy range for Li participations factors (see Fig.4 Li O and Li T ) and Li partial density of states (pDOS) (see Fig.5 ). As already discussed for other polymeric forms of C 60 , these phonon modes share strong similarities with those of bulk C 60 , but their DOS spectrum also significantly differ at some places, which can be ascribed to the reduced symmetry of the polymeric cage and to the different nature of the hybridization of some C-C bonds at the cage surface [43] [44] [45] . In particular, the sharp contribution in the total DOS at ∼103-105 Fig.7(a) ). All these optical branches have rather flat dispersion, and they give sharp contributions to the DOS. In particular, the flat dispersions of the cage deformation mode in the 17 meV region (see Fig.4 , right panel) gives a rather intense and sharp feature in the total DOS and C pDOS spectra. The Li phonon modes extend up to a maximum energy of ∼ 45 meV. Fig.4 and Fig.5 show that they are grouped into three energy bands for each Li ion type: centred around ∼ 12, 19 and 36 meV for Li T ions, and around ∼ 15, 25 and 40 meV for Li O ions. These groups imply either ferro (in-phase displacement of the two symmetry related ions) or anti-ferro translation modes (out-of-phase displacement of the two symmetry related ions) along the a, b and c axis respectively (see Fig. 8 ). In the lowest frequency group, the modes concern both Li T and Li O ions, with concomitant orthogonal displacements along the a and c axis, as shown on Fig. 8(a) .
The sharp contributions of these modes to the DOS, and the fact that the Li ions do not have a significant participation factor in the acoustic bands suggest a quite weak interaction between the Li and the C atoms, i.e. in good agreement with the partial charge transfer between the alkali atoms and the fullerene cages. The large mass difference between the Li and the fullerene explains the very weak coupling of the Li ions movements to the polymer vibrations in the acoustic range, with a vanishing participation factor of the alkali atoms 
Thermodynamic functions
As seen in Fig.9 , the additive combination of small mass and small frequency for typical Li vibrations is responsible for their very large mean square displacement (MSD) u 2 , even at relatively low temperature. In particular, it is calculated to be much larger than their carbon equivalent in the temperature range from 0-800 K. As an example, u
The alkali sub-lattices appear therefore as soft lattices with large amplitude harmonic vibrations, embedded inside a stable stiff carbon matrix, albeit showing a certain degree of flexibility thanks to the presence of soft cage deformation modes. The difference in stiffness and stability of the carbon and lithium sublattices is further reflected in the molar heat capacity and entropy represented in Fig.9 : although the fraction of Li atoms in the system is weak, the specific heat at ∼ 100 K originates to a significant extent (close to a third) from Li vibrations, while the classical atomic limit of 3k β is almost attained at 300 K.
By contrast, it is still half k β for carbon at 400 K. Of course, the large amplitude vibrations of Li imply also a large value of their corresponding vibrational entropy at relatively low temperatures, (∼ 6 cal/mol.K at ∼ 200 K, i.e. six times larger than that of carbon).
The most interesting consequence of the latter consideration is the Li derived free energy which becomes negative at a temperature of ∼ 250 K. This suggests that the Li sub-lattices becomes unstable above these temperatures, even in the harmonic approximation, while the sustaining fullerene framework keeps its stability. If one accounts for anharmonic terms, the Li atoms frameworks is likely to have melted at such temperatures. As no important change is expected for the global structure, the transition from an ordered Li sub-lattice to a liquid-like structure is certainly of second order character. meV) whose Q dependencies have a completely different scheme.
GDOS G(ω) in the polymer state
The Generalised Density of States (GDOS) of Li 4 C 60 was extracted from S(Q, ω) following the standard data treatment described elsewhere 48 , in the framework of the "incoherent approximation" and it is shown in Fig. 12 .
Two datasets are shown: one measured at 320 K using a relatively large incident wave- reflecting a structural disorder, giving a featureless contribution to the total GDOS difficult to measure.
The calculated spectra are in very good agreement with the data, in the complete frequency range. In particular, the principal low frequency features of the experimental data are reproduced. The first peak of the doublet (at 17 meV) can be attributed to C 60 vibrations, while the second peak of the doublet matches a significant feature of the Li T partial GDOS. The feature at 24 meV can be attributed to an hybrid mode, with carbon and Li O contribution. However, the corresponding contribution in the total GDOS is significantly more intense than what is observed in the data. Actually the double peak feature is also much less defined in this spectrum. By contrast, a much better agreement with the experimental GDOS is obtained for the black spectrum: the 24 meV peak is less intense (with regards e.g. to the intensity at 33 meV) and comparable to what is observed, and the double peak feature much better defined. This suggests that the Li O contribution to the GDOS is no really observed in the data. This could reflect the disordered nature of the Li O sub-lattice, in good agreement with the diffraction data. In that case its corresponding GDOS would certainly be smoothed all over the [10, 50] meV range, resulting in a featureless contribution, difficult to measure in these conditions. To achieve such measurements, polarized neutrons investigations would be useful as they would allow separating the coherent (mostly C) from the incoherent (essentially Li) contributions to the GDOS and therefore isolate the Li modes.
Transformation to the monomer phase
After the Li4C 60 sample was heated at 700 K for 12h, the polymer phase was transformed into a monomeric phase. Figure 13 shows the evolution of the GDOS with time obtained on the Mibemol spectrometer using a 5Å incident wavelength. It is compared to the total and partial GDOS derived from MD simulations. The spectral weight is observed to be progressively transferred to low frequency in the monomer phase compared to the polymer phase, in agreement with a change in the intermolecular force constant. In particular, the modes in the [10, 30] range) is however not nul. According to the simulation, it contains contributions from the Li atoms, albeit more structured in the data rather than in the simulations. A phase segregation, constituted of Li clusters and C 60 monomer can probably be responsible of this excess structured features in the gap.
V. CONCLUSIONS
In this paper we have reported an extended neutron scattering investigation of the Li 4 C 60 compound. Diffraction allowed to propose a structure which presents a certain degree of disorder associated with one of the Li atoms in the structure, referred to as Li O .
The lattice dynamics simulations allowed to calculate the phonon dispersion curves and These modes have to be considered to grasp the full atomic description of the ionic diffusivity in this solid. In particular, a peak in the GDOS localized at 24 meV, and attributed to an hybrid C and Li O feature is found to be temperature dependent. This experimental feature should be followed thoroughly with temperature in further investigations as it could shed light on the influence of the Li disorder and large amplitude C 60 modes on the ionic conduction in this system and could reveal the microscopic origin of the Li mobility of this crystal.
